T4 RNA ligase catalyzes the addition of a single deoxyribonucleoside-3',5'-bisphosphate to the 3'-hydroxyl of oligodeoxyribonucleotides (Hinton et al. (1978) Biochemistry 17, 5091). We have determined improved conditions for this reaction which give yields equal to or greater than 85% when any of five common deoxyribonucleoside bisphosphates (pdAp, pdCp, pdGp, pdTp, or pdUp) are added to dA(pdA),. A low ATP concentration, which is constantly maintained by a regeneration system composed of phosphocreatine, creatine kinase, and myokinase, contributes to the attainment of high yields. The addition of RNase A and spermine also enhances the rates and yields of the reactions. These conditions facilitate the use of RNA ligase as a reagent for the stepwise synthesis of DNA of defined sequence.
INTRODUCTION
RNA ligase isolated from T4-infected 12. coli catalyzes the ATP-dependent formation of a 3'-»-5' phosphodiester bond between an acceptor nucleic acid, containing a 3'-hydroxyl group, and a donor molecule, containing a 5'-phosphate (1) . The reaction has been used with RNA substrates for the synthesis of oligoribonucleotides of defined sequence (2) (3) (4) (5) . We have reported conditions for the addition of single 2'-deoxyribonucleoside-3',5'-bisphosphate donors to oligodeoxyribonucleoside acceptors thereby extending the synthetic utility of RNA ligase to DNA substrates (6) . We have further improved reaction conditions for this single addition reaction with DNA substrates and here report methods which allow greater than 85% yields using any common deoxyribonucleoside bisphosphate and the acceptor dA(pdA),. Since oligodeoxyadenylate acceptors are utilized in the single nucleotide addition reaction with average efficiency with respect to acceptors of other base compositions (6), these results suggest that similar yields should be obtainable with other acceptors. The optimized reaction conditions reported here and the low level of DNase activity in the enzyme preparation demonstrate that this reaction can bisphosphates were prepared from the appropriate 2'-deoxyribonucleosides and pyrophosphoryl chloride and purified as described (12) . 15'-PjpdNps were synthesized in a 100 pi reaction mixture containing 50 mM Tris-HCL, pH 7.5, 0.05 mg/ml BSA, 10 mM DTT, 10 mM MgCl 2> 1 mM dNp, 10 uM [y- The commercial oligodeoxyribonucleotide dA(pdA), was further purified and desalted by chromatography on Whatman 3 MM paper in solvent II and elution with H 2 0.
Reaction Conditions. Unless otherwise specified, RNA ligase reactions between a single nucleoside bisphosphate donor, pdNp, and the labeled oligo-32 deoxyribonucleotide acceptor, dA(pdA),[3'-»-5'-P] pdA were performed as follows: the donor, the acceptor, ATP, phosphocreatine (if used), and the polyamine (if used) were dried together under vacuum. The reaction cocktail (5-12 pi), containing 50 mM buffer at the specified pH, 10 mM MnCl 2> 20 mM DTT, 10 pg/ml BSA, and RNA ligase, was added to initiate the reaction. In addition, reactions using the ATP regenerating system also contained phosphocreatine, myoklnase, and creatine kinase. (The addition of the phosphagen resulted in no change in buffer pH.) Exact concentrations are given in the figure legends and the text. The reactions were incubated at 17° and 1 or 2 pi samples were removed for assay. Aliquots were either applied to DE 81 paper and developed in solvent I for 6 hr or to Whatman I and developed in solvent II for 24 hr. The chromatograms were scanned for radioactivity in a Packard 701B strip scanner and the radioactivity quantified using a scintil-lation counter. The yields of product were calculated as the ratio of radioactivity in the product peak to the total radioactivity and were based upon the limiting substrate present in the reaction mixture. Products migrated more slowly than acceptor in the solvent systems used, and nuclease activity was monitored by tl the chromatograms. to form the product is probably rate-limiting since large quantities of the adenylylated donor accumulate in the reaction mixture (6) . The final step requires free enzyme (14) which, in the presence of high ATP concentrations, would be decreased in concentration by conversion to its adenylylated form.
Thus, high ATP concentrations would inhibit the overall reaction. Conversely, high concentrations of ATP would promote the rate-limiting step by maintaining a high concentration of one of the reactants, the activated donor. We have used a donor:ATP:acceptor ratio of 8:2:1 to balance these ATP concentration effects (6) . Table l .A shows the results of the addition of either pdAp, 32 pdCp, pdGp, pdTp, or pdUp to the labeled acceptor dA(pdA),[3'-»-5'-P]pdA using this ratio of reactants. All the donors were added with yields greater than 50% after 192 hr with the exception of pdGp which gave 32% product. These results are similar to those we reported for the addition of these donors to the slightly less efficient acceptor (dT), (6).
ATP and donor variation and the use of an ATP regenerating system. In an attempt to enhance yields, ATP and pdGp concentrations were varied in reaction (1) 32 (8) 64 (8) 60 (8) Per Cent of Possible Product B 93 (10) 95 (5) 93 (10) 75 (10) 85 (10) C 89 (6) 95 (1) 81 (6) 92 (7) 83 (6) All reactions were performed as described in Materials and Methods with 2.0 mM donor and 0.25 mM [ 32 P]dA(pdA)4. Column A describes reactions in 50 mM HEPES, pH 8.3 using 40 yM RNA ligase and 0.5 mM ATP (no regeneration); Column B lists reactions in 50 mM HEPES, pH 7.9 using 30 nM RNA ligase, 0.10 mM ATP, and a regeneration system of 175 U/ml creatine kinase, 170 U/ml myokinase, and 40 mM phosphocreatine; Column C describes reactions as in B except 1 mM phosphocreatine was used for all donors other than pdGp and 2.0 mM spermine was added to all reactions. We reasoned that a low but constant ATP concentration might improve both the rate and yield of the reaction by maintaining a higher relative concentration of free enzyme with respect to its adenylylated form. As a result, we investigated the effect of low ATP concentrations in the presence of an ATP regenerating system on the reaction of pdGp with dA(pdA),. Both maximum yields and initial velocities of dA(pdA),pdGp formation were achieved using an ATP concentration of 0.08 mM or one-twentieth of the donor concentration (Fig. 1) . After 215 hr, 72% of the acceptor had been converted to product at this ratio. Product formed in the absence of added ATP resulted from the presence of adenylylated enzyme in this RNA ligase preparation (estimated to be less than 20% of the total enzyme by spectrophotometry). Control tubes containing either no creatine kinase or no myokinase resulted in 240 hr product yields of 6-8%, an amount consistent with the limiting ATP concentration in these reactions. Furthermore, the regeneration system at these concentrations added no detectable DNase activities. These results show that maintaining an ATP concentration at values lower than those necessary for stoichiometric joining of acceptor to donor can increase the yield of the reaction. The yield of 72% product under these conditions contrasts with those of less than 47% obtained in the absence of the regeneration system (Table l.A and above).
In another experiment the effect of the phosphocreatine concentration was examined. In the reaction of pdNp with labeled dA(pdA)^ as described in Table l .B, variation of the phosphocreatine concentrations from 1 to 40 mM resulted in little effect on either the initial velocities or final yields of reactions with the donors pdAp, pdCp, pdTp, and pdUp. In contrast, the yield with pdGp was strongly dependent upon the phosphocreatine concentration. Up to 40 hr of incubation, the per cent dA(pdA)^pdGp formed varied from only 35% to 44% for phosphocreatine concentrations of 1, 10, and 40 mM. Subsequently, however, the yields of the mixtures with concentrations of 10 and 40 mM increased to 75% and 86% at 200 hr, respectively, while the yield of the mixture containing 1 mM phosphocreatine was less than 50% at this time. The specific stimulatory effect of phosphocreatine for the pdGp addition reaction was investigated in a reaction mixture without the regeneration system. Reaction mixtures containing labeled dA and pdGp as described in Table l .A, except at pH 7.9, were incubated with and without the addition of 40 mM phosphocreatine. Addition of the phosphagen doubled both the initial velocity and the final yield. This result eliminates the possibility that the phosphocreatine effect was an indirect one acting through the ATP concentration.
An ATP regeneration system with pyruvate kinase (175 U/ml) and PEP (1.0 mM) in place of the phosphocreatine and creatine kinase was also examined in a reaction of labeled dA and pdTp at a ratio of ATP to donor of 0.05. Up to 100 hr this system mimicked the one containing phosphocreatine and creatine kinase but at longer times it did not continue to function as effectively.
Furthermore, increasing PEP concentrations to 40 mM had little effect upon the reaction with pdTp but increased yields markedly in a reaction with pdGp as the donor. This result is analogous to the effect observed with increasing phosphocreatine concentrations.
To determine if the stimulatory effect of increasing phosphocreatine or PEP concentration were simply due to increased ionic strength, we added 10 and 40 mM potassium phosphate (pH 7.9) to reaction mixtures of pdGp and dA. containing the regeneration system with 1 mM phosphocreatine. These additions resulted in no increase in reaction velocity or product yield, indicating that the stimulatory effect of the phosphagen and PEP could not be replaced by phosphate alone. We have no explanation for this stimulatory effect upon.the addition of pdGp to the acceptor. The ability of the two different ATP regenerating systems to promote the reactions suggests that the primary effect is mediated by the low ATP concentration and not by the added enzymes. Controls in which myokinase or creatine kinase alone were added excluded either as the sole cause of stimulation.
Because the phosphocreatine-creatine kinase system gave better sustained stimulations, we have used it in all subsequent reactions. Fig. 2) . Similarly, the use of HEPES, pH 7.9 rather than HEPES, Reactions were performed as described in Materials and Methods. Reaction mixtures contained 2.0 mM pdTp, 0.25 mM [32p]dA(pdA)4, 0.10 mM ATP, 50 mM HEPES, pH 7.9, 30 pM RNA ligase, 10 mM MnCl2, 20 mM DTT, 10 ug/ml BSA, and an ATP regeneration system of 1.0 mM phosphocreatine, 175 U/ml creatine kinase, and 170 U/ml myokinase.
The results in Table 2 show that spermine and RNase A can be used to enhance the rates and yields of the reaction. In addition, the reactions of 1) pdTp and dG(pdA) 2 pdU, 2) pdGp and dT(pdT) 7 is observed after 177 hr. Again, no nuclease activity is detected. These results demonstrate that the conditions reported here allow for the efficient addition of single deoxyribonucleoside bisphosphates to oligodeoxyribonucleotides with no detectable nuclease degradation of either substrates or products.
Summary. In order to use RNA ligase for the synthesis of oligodeoxyribonucleotides of reasonable length it is necessary to have high yields at each individual nucleotide addition step. The conditions reported here allow the addition of any common deoxyribonucleoside bisphosphate to the oligodeoxyribonucleotide dA(pdA), with yields greater than 85%. Because previous work (6) has shown no dramatic base specificity of DNA acceptors in the single nucleotide addition reaction of RNA ligase, we believe that these conditions can probably be extended to any oligodeoxyribonucleotide acceptor. We have begun
